To support the ossification of fetal and neonatal bones, reproductive females must transfer calcium to their offspring. The extent to which calcium is mobilized from maternal bone is related inversely to the amount of calcium ingested. Insectivorous bats consume a low-calcium diet, and thus, a reproductive female may experience a conflict over allocating dietary calcium to self-maintenance or her developing offspring. We tested the ability of big brown bats (Eptesicus fuscus) to use elevated concentrations of dietary calcium to determine if available dietary calcium limits the amount of calcium that mothers transfer to their offspring. During late pregnancy and early lactation captive bats were fed diets with calcium content 10 times greater than (highcalcium) or equivalent to (low-calcium) diets consumed by free-ranging individuals. We measured the calcium content of guano produced by mothers as an indicator of calcium absorption and the calcium content of their young as a measure of total calcium allocated to offspring development. Females on the high-calcium diet defecated 13 times more calcium than females on the low-calcium diet, and no difference in body concentrations of calcium existed between pups produced by females on low-and high-calcium diets. This suggests that limited calcium intake does not constrain calcium transfer to offspring in big brown bats. It is likely that the calcium demands of offspring production are met largely by mobilizing maternal skeletal calcium.
Most animals acquire the nutritional building blocks for maintenance, growth, and reproduction from a variety of foods that differ in nutrient composition. Many foods are nutritionally incomplete. To compensate, a consumer can increase the breadth of its diet to include items that provide higher concentrations of limiting nutrients (Barboza et al. 2009 ). If adequate compensation is not achieved, body condition, growth rate, or reproductive performance of an individual can be compromised (Robbins 1993) .
Many organisms alter the number, size, or rate of development of their offspring to correspond to food availability; however, the ability of an organism to respond to available resources is constrained by its size and physiology. For example, gastrointestinal size limits the amount of food that can be ingested and absorbed (Karasov 1987; Van Soest 1982) , and nutrient transporter abundance limits active transfer of nutrients to physiological processes such as fetal development (Fowden et al. 2006 ). Thus, a valuable step in understanding the impact of nutrient availability on interspecific variation in reproductive performance is to investigate the fate of ingested nutrients relative to availability.
Nutritional constraints on reproduction are examined most often within the context of energy and protein availability, but calcium also can be limiting in some species. In mammals, gravid and lactating females invest a considerable amount of calcium into skeletal ossification of their offspring (Kovacs and Kronenberg 1997) . As a consequence, calcium requirement increases during mid to late gestation and lactation. To meet this elevated demand females augment dietary intake of calcium, or they mobilize calcium from skeletal reserves. These sources of calcium can complement each other; bone resorption in pregnant and lactating rats and humans is elevated when dietary calcium intake is reduced (Bawden and McIver 1964; Janakiraman et al. 2003; Rasmussen 1977) . Elevated bone resorption diminishes bone density, and it has been demonstrated repeatedly in humans that bone density is correlated inversely with risk of fracture (Cheng et al. 2009; Eser et al. 2005; Jergas and Gluer 1997; Marshall et al. 1996) . w w w . m a m m a l o g y . o r g Thus, under conditions of low calcium intake and high bone resorption, females may trade the probability of survival for successful offspring development.
Mammals that specialize on low-calcium foods such as insects or fruits are more likely to be calcium-limited than mammals consuming calcium-rich diets. Calcium utilization by reproductive big brown bats (Eptesicus fuscus), an insectivorous species, has been the focus of several studies. Using data from laboratory rodents to estimate the nutritional requirements of bats during reproduction, Keeler and Studier (1992) suggested that the nutritional composition of June beetles (Phyllophaga rugosa) is sufficient to meet the requirement for all nutrients, with the exception of calcium, for a pregnant big brown bat. The calcium content of June beetles is 8-18 times below estimated requirements (average intake 5 1.25 mg/day, estimated requirement 5 10.88-21.76 mg/day- Keeler and Studier 1992; National Research Council 1978) . Consistently low calcium levels found in the guano of pregnant big brown bats in the wild also have been interpreted as evidence of inadequate calcium ingestion relative to their nutritional requirements (Keeler and Studier 1992; Studier et al. 1994a) . Although dietary calcium appears to be supplemented with calcium mobilized from maternal bone (Bernard and Davison 1996; Hood et al. 2006; Kwiecinski et al. 1987) , several authors propose that limited availability of calcium may play a role in driving the relatively slow reproductive rates of insectivorous bats (Adams et al. 2003; Barclay 1994 Barclay , 1995 Keeler and Studier 1992) .
A method of evaluating whether low intake of a particular nutrient limits reproductive performance is to examine the fate of that nutrient in a supplemented group relative to an unsupplemented control group. If supplementation leads to greater allocation to offspring, it can be inferred that dietary access to the nutrient is limiting reproductive performance. Studies on both birds and mammals have shown that supplemental calcium can increase calcium allocation to the developing embryo. For example, calcium supplementation resulted in faster bone formation in great tit (Parus major) nestlings (Tilgar et al. 2004) , greater blood calcium levels in Awassi lambs (Ovis aries-Abdelrahman 2008), and increased mineralization of fetal bone in humans (Koo et al. 1999) . Only 1 study has manipulated calcium intake in pregnant big brown bats, although it addressed reproductive output rather than calcium investment in offspring (Booher 2008) . Calcium supplementation did not affect litter size or mass, although it did influence the relationship between maternal and offspring mass, presumably allowing smaller females to divert more to offspring production (Booher 2008) .
Some evidence exists for free-ranging insectivorous bats seeking alternative sources of calcium, supporting the idea that they are not ingesting sufficient quantities of calcium from insects. Female and juvenile insectivorous bats preferentially drink calcium-rich water (Adams et al. 2003) , and insectivorous bats in general may ingest calcium and other minerals by licking limestone rocks (Codd et al. 1999) . Calcium intake from these sources, however, may be nominal relative to estimated calcium requirements for reproduction. For example, a big brown bat ingesting a stomachful of calciumrich water in a night (approximately 0.029 mg calcium/ml water 3 mean stomach volume [3 ml] 5 0.087 mg calcium- Adams et al. 2003) would consume only 0.8% of the daily minimum calcium requirement proposed by Keeler and Studier (1992) .
We evaluated the fate of supplemental calcium fed to female big brown bats during late pregnancy and early lactation using guano and pup carcasses that were collected from a previous experiment (Booher 2008) . We compared the calcium content of the guano and litters produced by reproductive females on a high-calcium (10 times the concentration of calcium in natural diet) and low-calcium (calcium content equivalent to the natural diet) diet. By quantifying these possible fates of calcium we can assess whether supplemental calcium is being allocated toward reproduction, supporting the suggestion that big brown bats are calcium-limited during reproduction, or is defecated, suggesting that the calcium requirement for pregnant big brown bats is less than what has been estimated.
MATERIALS AND METHODS
In a previous study (Booher 2008) we captured 20 female big brown bats from a maternity colony (private residence, Prairie Creek, Indiana; scientific purposes license 060096, Indiana Department of Natural Resources, Fish and Wildlife Division) and maintained them in captivity (Indiana State University, Terre Haute, Indiana) from the 2nd half of gestation until 3 weeks postpartum. Capture, handling, and maintenance of bats were carried out in accordance with guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) and with the approval of the Institutional Animal Care and Use Committee of Indiana State University. We hand-fed captive bats 5 ml of 1 of 2 blended diets daily throughout the duration of captivity, starting on 21 April 2006. Blended diets consisted of mealworm larvae (Tenebrio molitor), beef and banana baby food, egg, and vitamin and mineral supplements (Booher 2008) . The calcium content of the 2 diets was manipulated with the addition of human-grade bonemeal (NOW Foods, Bloomingdale, Illinois) to create low-and high-calcium diets. The low-calcium diet provided 1.41 mg calcium/day, similar to estimated intake calcium by pregnant big brown bats in the wild (1.25 mg/ day- Keeler and Studier 1992) . The high-calcium diet provided 14.03 mg calcium/day, which fell within the range of the National Research Council's estimated calcium requirements for small mammals during reproduction (10.88-21.76 mg/day- Keeler and Studier 1992; National Research Council 1978) . This dietary manipulation also elevated phosphorus, iron, and magnesium content, although differences between low and high content for these minerals (high 1.1-1.6 times greater than low) were minimal relative to the difference in calcium content between the 2 diets (high 9.95 times greater than low). Pups were born to captive bats 24 May-1 June 2006, and we measured pup mass and litter size within 24 h of birth. Thirteen pups from females on the high-calcium diet and 10 pups from females on the low-calcium diet died of dehydration following a drop in humidity in the facility where the animals were maintained. Pups that died ranged in age from 1 to 21 days (X low-calcium 5 9.4 days 6 2.2 SE, X high-calcium 5 6.8 6 6.5 days). Because incidence of death in the pups was not biased toward 1 dietary group over the other and dehydration does not impact total body mineral content, these samples were deemed valuable for evaluating mineral transfer between females and offspring. We collected these carcasses and stored them at 220uC until time of analysis.
Sample preparation.-We individually homogenized all pup and guano samples and dried them to a constant mass at 60uC (Binder drying oven FED 115-UL; Binder Inc., Great River, New York). We then used petroleum ether in a Soxhlet apparatus to extract fat from samples and weighed duplicate fat-free subsamples to the nearest 0.1 mg (XS205 DualRange Analytical Balance; Mettler-Toledo Inc., Columbus, Ohio) to obtain fat-free dry mass (FFDM) of each sample. We digested these samples in 70% trace metal grade nitric acid using a microwave pressure digestion system (Speedwave MWS-2; Berghof Products, Eningen, Germany) with the temperature ramped to 200uC at 80% power over 15 min, held at 200uC at 90% power for 15 min, and then ramped back down to 30uC at 40% power for an additional 15 min. We subsampled each of these digests twice (resulting in 4 replicates of original sample) and diluted each with distilled deionized water and a lanthanum chloride modifier (final lanthanum concentration 5 4,500 ppm) to reduce interferences during analysis.
Calcium concentration and content analysis.-We measured concentration of calcium of each replicate 2 or 3 times using acetylene flame atomic absorption spectrophotometry (wavelength 5 422.7 nm, slit 5 0.7 Å ; Buck Model 210 VGP; Buck Scientific Inc., East Norwalk, Connecticut). Calcium concentrations were measured to the nearest 0.01 ppm. Results are presented in milligrams per gram on an FFDM basis. The final value for each sample was based on an average of all replicates.
Our data include 8 complete litters, consisting of 2 pups (n 5 7) and, in 1 case, 3 pups. To address total calcium allocation to offspring we calculated calcium content in litters at birth (FFDM) by multiplying concentration of calcium of each pup by its estimated FFDM at birth, and adding these values for all littermates. Our calculations were based on the assumption that concentration of calcium in pups does not change with age prior to weaning (see ''Results''). At birth, big brown bat pups are 80.5% 6 1.06% SE water and 1.99% 6 0.32% SE fat (n 5 5-W. R. Hood, pers. obs.). The FFDM (in g) at birth was estimated by subtracting estimated body fat (1.99% of body mass) from the estimated dry mass (18.8% of body mass) of each individual. Because body composition at birth varies little between individuals, we believe that this estimation is a relatively accurate indicator of FFDM.
Data analysis.-We compared total body concentration of calcium in pups and total calcium content of litters between dietary groups using t-tests, and used a general linear model to determine the effect of age on concentration of calcium in pups. Values for pups within the same litter were collapsed into a mean value for analysis to avoid issues associated with pseudoreplication. Although unusual, data from the pups born to a litter of 3 were retained in these analyses because body compositions for these individuals were comparable to pups born into smaller litters. We also used a t-test to compare concentration of calcium in guano samples between dietary groups. Because we had only 2 guano samples from wild females we did not include these in our analysis; however, we did compare concentration of calcium in these samples to guano from females on the low-calcium diet to confirm that our lowcalcium experimental diet mimicked calcium availability in their natural diet. Calcium measurements were excluded when replicate concentrations produced a coefficient of variation . 10%. We used a general linear model to test the relationship between maternal mass at capture and calcium content in litters between diets, because a similar relationship was found to affect litter mass in our previous study. We used the Shapiro-Wilk test (W) for normality and Levene's test to determine equality of variances of our groups. A Satterthwaite's approximation t-test (t9) was used for normally distributed data with unequal variances (Ruxton 2006) ; the Student's t-test was used when all assumptions were met. All statistical analyses were conducted in SAS 9.1 (SAS Institute Inc., Cary, North Carolina). We also performed permutation-based 1-way analysis of variance (ANOVA) on variables that yielded no significant differences between dietary groups (Resampling program-David C. Howell, University of Vermont, pers. comm.).
RESULTS
Total body concentration of calcium in pups, cumulative calcium content of litters, and calcium content of guano were normally distributed within the 2 dietary groups (W 0.89, P 0.092 in all cases) and all but calcium content of guano exhibited homoscedasticity between dietary groups (pup: F 5,7 5 6.34 P 5 0.059; litter: F 3,3 5 4.19, P 5 0.27; guano: F 6,8 5 7.92, P 5 0.021). We found no significant relationship between age and total body concentration of calcium in pups from either the low-or high-calcium group (low: F 1,8 5 0.33, P 5 0.581; high: F 1,11 5 0.63, P 5 0.445), nor did concentration of calcium vary with age when groups were combined (F 1,21 5 1.18, P 5 0.291). Likewise, we found no difference between dietary groups in the total body concentration of calcium in pups or cumulative calcium content of litters (t 12 5 20.37, P 5 0.716; t 6 5 20.61, P 5 0.565, respectively; Figs. 1 and 2) . Permutation ANOVA supported the finding of no difference between treatments (5,000 replications per analysis-pup: F 5 0.070, P 5 0.794; litter: F 5 0.37, P 5 0.598).
We found a significant difference in the calcium content of guano between low-and high-calcium females (t9 10.4 5 224.82, P , 0.0001; Fig. 3 ). Mean concentration of calcium in guano from females consuming the high-calcium diet (39.50 mg/g FFDM 6 1.36 SE) was 12.7 times greater than mean concentration of calcium in guano from females consuming the low-calcium diet (X 5 3.12 6 0.55 mg/g FFDM). The mean concentration of calcium in guano collected from wild females (X 5 2.74 6 0.66 mg/g FFDM) was similar to that from females consuming the low-calcium diet (Fig. 3) . We found a significant interaction between maternal mass at capture and maternal diet on estimated calcium content in litters (F 3,6 5 7. 21, P 5 0.036).
DISCUSSION
Although several authors have speculated that dietary intake of calcium may limit reproductive performance in bats, the results of our investigation suggest that female big brown bats are unable to transfer calcium to offspring in quantities that exceed what is available from their insectivorous diet. Thus it appears that physiological constraints, and not calcium availability, limit calcium transfer to offspring.
The amount of calcium defecated was approximately 13 times greater for females consuming the high-calcium diet than for females consuming the low-calcium diet. Considering that females in the high-calcium group consumed 10 times more calcium than females in the low-calcium group, this finding appears to illustrate that supplemental calcium from bonemeal was completely indigestible. However, bonemeal also contributed 25% of calcium present in the low-calcium diet. Bats fed the low-calcium diet received a total amount of calcium equivalent to the estimated calcium intake in the wild. If the bonemeal was not digestible, concentrations of calcium in guano would be greater for the low-calcium group than for wild bats, yet the concentration of calcium in guano from lowcalcium females was comparable to that of wild females. Thus, an inability to process calcium in the form of bonemeal in the blended diet is an unlikely explanation for the quantities found in guano from females consuming the high-calcium diet. Our values for concentration of calcium in guano are FIG. 1.-Calcium concentrations (mean and SE) per total body, fatfree dry mass (FFDM) of pups from females that consumed a lowcalcium diet (Low; n 5 6) and pups from females that consumed a high-calcium diet (High; n 5 8) during the 2nd half of gestation and early lactation. Mean concentration of pups from the same litter was used in lieu of concentration of individual littermates in analysis.
FIG.
2.-Calcium content (mean and SE) of litters within 24 h of birth from females that consumed a low-calcium diet (Low; n 5 4) and females that consumed a high-calcium diet (High; n 5 4) during the 2nd half of gestation, based on birth mass of an individual pup, assuming fat-free dry birth mass 5 birth mass 2 water mass 2 fat mass.
3.-Concentrations (mean and SE) of calcium in guano (fatfree dry mass [FFDM] ) from wild big brown bats and captive bats consuming either a low-calcium diet (n 5 7) or high-calcium diet (n 5 9). Two samples from wild bats were not included in statistical analysis; values are included here for qualitative comparison with those from captive bats. Guano samples were collected at the approximate time of parturition and early lactation of captive bats.
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BOOHER AND HOOD-CALCIUM AND REPRODUCTION IN BATShigher than those reported elsewhere (Table 1) , but we based calcium concentration on FFDM whereas other studies report calcium concentrations relative to dry mass only (a mean change in mass of 1.65% dry mass was attributable to fat extracted with petroleum ether in our study). The concentration of calcium in pups and estimated calcium content of litters did not differ between dietary groups, and concentrations of calcium in pups were comparable to what has been reported in other studies (Table 2 ). These finding suggest that big brown bats are unable to invest significantly more ingested calcium in current offspring production than what is available from their natural diet. Considering the amount of calcium that was defecated relative to intake, calcium transfer to offspring appears to be largely limited by the ability to absorb additional calcium from the intestinal lumen.
Calcium absorption may be limited by active or passive processes. Rate of active calcium transfer from the intestinal lumen to the circulatory system is regulated by vitamin D metabolites. As in subterranean mammals and other bat species (Cavaleros et al. 2003; Keegan et al. 1980; Kwiecinski et al. 2001; Pitcher and Buffenstein 1995) , big brown bats are likely to have very low vitamin D levels associated with limited solar exposure. Hence, it is more likely that calcium is absorbed via a vitamin D-independent process in this species. Small bats exhibit high rates of intestinal paracellular absorption of water-soluble amino acids and glucose (Caviedes-Vidal et al. 2007 . This passive process could include calcium absorption. Paracellular absorption (also referred to as passive diffusion- Caviedes-Vidal et al. 2008; Keegan et al. 1980; Kwiecinski et al. 2001; Pitcher and Buffenstein 1995) is dependent on a concentration gradient across the intestinal wall, so it is possible that equilibrium between the intestinal lumen and blood is reached at approximately the same calcium concentration as is supplied by an insectivorous diet. This is also in concordance with observations that calcium assimilation efficiency is negatively correlated with intake in rats, humans, and other vertebrates (Coudray et al. 2005; Fairweather-Tait and Teucher 2002; McDowell 2003; Oramasionwu et al. 2008) .
The results of this study provide strong evidence that the dietary calcium requirements of late pregnancy and early lactation in big brown bats are substantially lower than in laboratory rodents. Rodents have litters that are considerably larger in number of offspring than bats but are comparable in mass at birth (Kunz and Kurta 1987) ; therefore, it is possible that little difference exists in the amount of calcium that is invested in offspring production between big brown bats and rodents. Given lower calcium intake relative to rodents, female big brown bats must augment their intake to support offspring development. Two sources of additional calcium have been described, maternal bone (Bernard and Davison 1996; Hood et al. 2006; Kwiecinski et al. 1987 ) and calcium- Studier et al. (1994b) . c Keeler and Studier (1992) ; SE not reported. d Studier et al. (1994a) . e Studier et al. (1991) . f Bruce and Wiebers (1970) ; sex and reproductive status not reported.
rich sources of water (Adams et al. 2003) . Female big brown bats in week 3 of lactation have an average of 60 mg less total body calcium than females in week 2 (Hood et al. 2006) , suggesting that females bats rely heavily on calcium stored in their own skeleton during reproduction. However, the extent that female big brown bats must rely on bone resorption during pregnancy remains unstudied. Reproductive female bats also are more likely than males to use calcium-rich watering holes (Adams et al. 2003) ; however, such calcium sources are not always available.
Results from our previous study, from which these data originated, showed that small females that consumed the highcalcium diet produced heavier pups, suggesting that ingestion of supplemental calcium relaxed the influence of maternal condition on offspring mass (Booher 2008) . In this study we also found an interaction between maternal mass and diet on calcium content of available litters. However, it is difficult to determine if small females were allocating more calcium to litters given the small sample size; therefore, these results should be interpreted with caution.
Physiological constraints on nutrient investment have been explored most thoroughly within the context of the acquisition and utilization of energy, although the conceptual understanding of these complex relationships may be equally applicable to acquisition and utilization of calcium. Hammond and Diamond (1997) suggest that inability to use energy for a specific process above a certain level-that is, a metabolic ceiling-may stem from availability of food, limitations related to energy requirements of other physiological processes, bottlenecks in capacity to acquire and use calories, or morphological limitations. We have shown that calcium availability in the diet during late gestation and early lactation does not influence calcium investment in offspring, and have addressed how calcium may be used for both maternal maintenance and offspring production. Additionally, the amount of calcium that was defecated relative to calcium intake and calcium investment in offspring suggests a bottleneck in the ability to process ingested calcium. Such constraints warrant further exploration to increase our understanding of the numerous and complex means by which a nutrient such as calcium can influence reproduction. Clauss et al. (2007) . b Studier and Kunz (1995) ; SE not reported. c Hood (2001) .
